Speech motor learning is dependent upon changes to motor function, but it also results in changes to sensory systems. However the neural mechanisms of sensory plasticity associated with speech motor learning are little understood. We here examined whether auditory and somatosensory cortical processes are changed in conjunction with speech motor learning. We tested native speakers of American English. Altered auditory feedback (AAF) training was used as a motor learning task. As subjects repeated aloud the speech utterance "head," the produced sound was fedback through headphones while the first formant of /ea/ was gradually decreased over 50 repetitions and held at a maximum change for 110 repetitions. In order to evaluate the effects of the resulting adaptation on cortical sensory processes, we recorded auditory and somatosensory event-related potentials (ERPs) using 64-channel electroencephalography before and after AAF training. Auditory ERPs were elicited by using the synthesized vowel sound "e". Somatosensory ERPs were elicited by facial skin deformation. We found changes to auditory and somatosensory ERPs following AAF training in individuals who showed adaptation change to altered auditory feedback. The changes in ERPs were correlated with the amount of adaptation. This suggests that speech motor learning alters somatosensory and auditory cortical processing.
INTRODUCTION
Speech motor learning causes changes to both sensory and motor function (Nasir and Ostry 2009) . However the neural mechanisms of sensory plasticity associated with speech motor learning are little understood. A recent study demonstrated that perceptual learning associated with speech sounds discrimination modified auditory evoked potentials in response to speech sounds (Tremblay et al. 2001) . Speech motor adaptation in the context of externally applied sensory errors can also modify speech-related somatosensory and auditory processes. We here focus on cortical sensory processing using event-related potentials (ERPs) associated with auditory stimulation that involves vowel sounds and somatosensory stimulation that involves orofacial skin deformation. We examined whether speech motor training associated with altered auditory feedback modifies auditory and somatosensory ERPs.
METHODS

Participants and experimental procedure
Twenty-seven native speakers of American English participated in the experiment. The participants were all healthy young adults with normal hearing. All participants signed informed consent forms approved by the Yale University Human Investigation Committee.
We examined how speech motor learning associated with altered auditory feedback modifies auditory and somatosensory cortical processing. Eighteen individuals participated in the training with altered auditory feedback. The participants were asked to repeat the single word "head" over the course of training. The produced sounds were played back through insert earphones (Etymotic research, ER3A). The first formant frequency of the vowel /ε/ in "head" was shifted downward. Details of the experimental setup for the formant shift were described elsewhere (Rochet-Capellan and Ostry 2011). Speech-shaped masking noise was also added in order to eliminate the perception of bone conducted sound. During training, the first 40 repetitions were carried out with normal auditory feedback (no formant shift). Then, the first formant was gradually lowered over the next 50 repetitions (SHIFT phase in Fig. 1 ). The maximum shift of first formant was held through the last 130 repetitions (HOLD phase in Fig.  1 ). The speech sounds that the participant produced and the sound played back to the subject were digitally sampled at 44,100 Hz.
In order to examine the change of sensory cortical processing due to speech motor learning, somatosensory and auditory event-related potentials (ERPs) were recorded from 64 scalp sites in response to somatosensory stimulation (facial skin stretch) and auditory stimulation (synthesized vowel sound). For purpose of somatosensory stimulation, we programmed a small robotic device (Phantom, Sensable Inc.) to apply skin stretch loads. The details of the somatosensory stimulation procedure are described in our previous studies (Ito et al. 2009 ). For purposes of auditory stimulation, the synthesized vowel sound /ε/ in "head" (333 ms duration) was generated using the Klatt synthesizer (Klatt 1980) . The auditory stimulus was delivered binaurally through plastic tubes and earpieces (Etymotic research, ER3A). ERP recordings were carried out before and after speech motor training, respectively. Somatosensory and auditory stimuli were presented 200 each in random order in a single experimental session.
For comparison purposes, we also conducted a control test in which speech training was carried out with normal auditory feedback (no altered auditory feedback). ERP recordings were also carried out before and after the control training with normal feedback. 9 individuals participated in the control test.
Data analysis
We evaluated the first formant frequency (F1) of the vowel that participants produced in training and we examined how altered auditory feedback affected vowel production. Linear predictive coding (Rabiner and Schafer 1978) was applied to extract F1 in each individual trial. The data were then normalized, by dividing by the baseline frequency of F1. The baseline F1 was of the mean value of F1 over trials 1-40 before the formant shift. The amplitude of adaption effect was quantified by subtracting the initial F1 (mean value of 41-50 trials) from the F1 at the end of the training (mean value of 211-220 trials). t-tests were used to verify adaptation in individual participants. As a measure of adaptation, we expected to see an increase of F1 in the production due to the decrease of F1 in the auditory feedback to subjects.
ERP data were analyzed in two ways: a temporal pattern analysis and a temporal-frequency analysis using a wavelet transformation. We here report results for the temporal pattern in auditory ERPs and the results for temporal-frequency analysis in somatosensory ERPs. The remaining analysis (temporal pattern in somatosensory ERPs and temporal-frequency in auditory ERPs) did not show any reliable change between pre-and post-training.
In temporal pattern analysis, EEG signals were filtered using a 1-30 Hz band-pass filter and re-referenced to the average across all electrodes. Bias levels were adjusted using the average amplitude in the pre-stimulus interval (-200 to -100 ms). Trials with blinks and eye movement were rejected offline on the basis of horizontal and vertical electro-oculography (over +/-150 mV). More than 85% of trials per condition were included in the analysis. The responses were aligned at stimulus onset and were averaged across trials for each individual participant. We focused on the first negative peak (N1) and the following positive peak (P2) of the auditory ERP. Amplitudes of N1 and P2 were quantified using a 80-ms time window about the peak to compute a measure of amplitude. Repeated-measures two-way ANOVA was applied to the peak amplitudes.
In temporal-frequency analysis, EEG signals were filtered using a 10-110 Hz band-pass filter and re-referenced to the average across all electrodes. Trials with blinks and eye movement were rejected offline on the basis of horizontal and vertical electro-oculography (over +/-150 mV). The data were aligned at stimulus onset. We calculated an average across the trials for each individual and applied a wavelet transformation to the averaged data set. The difference between pre-and post-training was calculated by subtracting pre-training from post-training data. We focused on frequency range of mu rhythms (11-13 Hz) and a temporal range between 100-300 ms after stimulus onset. Repeated-measures two-way ANOVA was applied to assess the change to somatosensory ERPs.
RESULTS
We first examined the effects of altered auditory feedback over the course of speech motor training. We tested 18 participants with this procedure and found half of participants showed reliable adaptation. Figure 1 shows the change of first formant in the produced vowel over the course of training. The blue line shows the data averaged across the nine individuals who showed an adaptation effect. It can be seen that the first formant in the production of /ε/ was gradually increased in response to a gradual lowering of F1 in subject's auditory feedback. t-tests in individual participants showed a significant difference in F1 between the beginning and end of training. The remaining 9 subjects showed no formant change (Red line). There was also no adaptation effect in control conditions (Black line). ERP analysis and statistics were carried out on these three groups (adapted, non-adapted and control). Auditory and somatosensory event related potentials (ERPs) were recorded before and after the training with altered auditory feedback. As an overall tendency in all three groups (adapted, non-adapted and control), auditory ERPs showed a typical N1-P2 sequence, that is, a first negative peak occurs around 100 ms after auditory onset (N1) and then a second positive peak (P2) follows around 200 ms after the onset (see Figure 2 as example). This typical pattern of ERPs was distributed in the electrodes over the frontal region as is the conventional pattern. The maximum amplitude of the response was observed at the mid-frontal electrode (Fz). When we compared auditory ERPs between pre-and post-training, we found the adapted group showed significant reduction of P2 in the electrodes over the right frontal regions (AF4, F2, F4, F6, and FC4 in 10-20 system). Figure 2 shows a representative difference in auditory event-related potentials at the electrode of F4. Black dashed lines represent the potentials in pre-training and red-solid lines represent the potentials in post-training. Gray squares represent time bin to calculate peak amplitude. While the temporal pattern of potentials was similar between pre-and post-training in the control group (Fig. 2c) , in adapted subjects the amplitude of P2 in post-training was significantly reduced from that in pre-training (Fig. 2a, F (1,16)= 8.93 p < 0.001 at F4). There was no reliable difference between the control and non-adapted group (F(1,16) = 2.237, p > 0.15 at F4) although the averaged response for non-adapted subjects showed small reduction at second positive peak. In correlation analyses, the amount of P2 amplitude change was nicely correlated with the amount of first formant change in speech motor training. Significant correlations were observed over the right frontal electrodes (AFz, AF4, AF8, F2, F4, F6, FC4, FC6 by 10-20 system) . The highest correlation was at F4 (r = -0.90, p < 0.001). The area that showed significant correlations overlapped the area that showed significant reductions of P2. The results suggest speech motor learning modified the neural processing of the vowel sound involved in training. As for somatosensory ERPs, temporal-frequency changes were evaluated using a wavelet transformation. We found a significant change at the electrodes over the left sensorimotor area (particularly at C5 in 10-20 systems). Figure 3 shows a representative temporal-frequency pattern at electrode location C5. The figures show the difference in amplitude between pre-and post-training. We found reliable change with training in the amplitude of mu rhythms (11-13 Hz) in the adapted group. The peak was observed around 200 ms after the onset of somatosensory stimulation. On the other hand, there was no comparable change in non-adapted and control groups. We quantified the amount of amplitude change using a time-frequency window (squares shown in Figure 3 ). Repeated measure of two-way ANOVA showed a significant interaction effect (F(2,24) = 5.615, p < 0.01 such that there was a difference pre-versus post-training for adapted subjects but not for non-adapted or control subjects). The amount of amplitude change in mu rhythms also correlated with the amount of formant change in the production due to speech motor training (r = 0.47, p <0.05). The result suggests that speech motor learning changes the neural processing of somatosensory inputs. 
DISCUSSION
The study demonstrates that cortical somatosensory and auditory processing is altered in conjunction with speech motor learning involving adaptation to altered auditory feedback. Auditory event-related potentials in post training were reduced at electrodes over the right frontal regions. In somatosensory event-related potentials, we found an enhancement of the mu rhythms in individuals who showed adaptation. The amounts of the change in both cortical responses were correlated with the amount of speech motor adaptation. The results demonstrates that speech motor learning alters the cortical processing of speech-related somatosensory and auditory inputs.
As a result of altered auditory feedback training, participants learned to produce the same vowel sound using different speech articulatory motion. This remapping between speech sound and corresponding articulatory motion might result in the change of event related cortical potentials in response to somatosensory and auditory stimulation.
Brief auditory stimulation typically induces a sequence of negative and positive peak (N1-P2) in auditory eventrelated potentials as seen in the current results. We found P2 amplitude in response to the synthesized vowel sound was reduced in the individuals who showed adaptation effect in the training with altered auditory feedback. P2 has been considered to have multiple generators located in multiple auditory areas (Naatanen and Picton 1987) . One possible source location is planum temporale and the auditory association complex (Area 22) (Godey et al. 2001 ). Planum temporale is also considered to be an area for sensory-motor integration in speech processing (Hickok et al. 2009 ). The current reduction of P2 amplitude might presumably be attributed to change in sensory-motor integration processing in planum temporale due to the speech motor training.
We also found somatosensory event-related potentials were changed in mu rhythms (11-13 Hz) at the electrodes over left sensorimotor cortex (C5). This was observed only in the individuals who showed adaptation to altered auditory feedback. Given that mu rhythms are known to represent neural oscillations associated with sensorimotor function (Arroyo et al. 1993) , the current finding suggests that speech motor training may result in changes in one or more parameters that control oscillations in sensorimotor neuronal networks for speech motor control.
